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Abstract 
This article presents a micro-macro unified model for predicting the deformation of metal matrix composites (MMCs). A 
macro-scale model is developed to obtain the proper boundary conditions for the micro-scale model, which is used to assess the 
microstructural deformation of materials. The usage of the submodel technique in the analysis makes it possible to shed light on 
the stress and strain field at the microlevel. This is helpful to investigate the linkage between the microscopic and the macro-
scopic flow behavior of the composites. An iterative procedure is also proposed to find out the optimum parameters. The results 
show that the convergence can be attained after three iterations in computation. In order to demonstrate the reliability of mi-
cro-macro unified model, results based on the continuum composite model are also investigated using the stress-strain relation of 
composite obtained from the iterations. By comparing the proposed unified model to the continuum composite model, it is clear 
that the former exhibits large plastic deformation in the case of little macroscopic deformation, and the stresses and strains ob-
tained from the submodel are higher than those from the macroscopic deformation. 
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1. Introduction1 
Particle-reinforced metal matrix composites have 
found broad application in various industries, such as 
automotive, aerospace, marine, nuclear industries and 
the others thanks to their low density, high stiffness 
and good wearability[1-5]. The macroscopic properties 
of the metal matrix composites (MMCs) generally are 
always contingent upon their microstructures[6-8]. Thus, 
the optimization of the mechanical properties of MMC 
is fully based on the knowledge of the relationship 
between the microstructures and the macroscopic re-
sponses. Therefore, it is of great importance to study 
the material responses in the light of deformation 
mechanism. Apparently, finite element method (FEM) 
is a useful tool to do the job. However, the existing 
numerical models for the particle-reinforced compos-
ites are not based on the true microstructures of parti-
clesüthey are often assumed to be of ideal shapes in 
simulations[9-13], such as 3D spheres and ellipsoids, 2D 
circles and ellipses or even unrealistic forms. In reality, 
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the particle’s microstructure is very complicated. Re-
cent investigations of the FEM model of MMCs have 
focused mainly on the microstructure-based simula-
tion[14-15]. This approach involves a number of micro-
structural variables, such as size of particles, their 
morphology and distribution. Nevertheless, the hith-
erto accomplished and ongoing simulations are re-
stricted by the microscopic analysis regardless of the 
macroscopic deformation. For example, the compres-
sive deformation possesses three regionsüdifficult, 
small and large. In analyzing the microstructures, sharp 
contrasts turn up between the results obtained from the 
different regions. As a result, it makes little sense to 
analyze alone the micro model by applying the me-
chanical boundary conditions. 
In addition, when compared with the mean charac-
teristics of macro-scale models, the microstructural 
behavior varies in a quite complicated manner. Fur-
thermore, the macro-damage evolution in materials 
during deformation generally results from the micro-
structural failures, including particle fracture, interface 
debonding and matrix cracking[16-18]. As a rule, the 
microscopic defects and cracks decrease the strength 
of materials and reduce the life time of an engineering 
structure. This makes the problems highly complicated. 
The problems about the damage accumulation in metal 
matrix composites have been extensively investigated 
experimentally so far. However, the experimental in- Open access under CC BY-NC-ND license.
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vestigations are very expensive and time-consuming. 
As a result, great efforts have been made in an attempt 
to develop proper models for predicting damages and 
failures of the materials under general loading condi-
tions. One useful way to deal with this problem is to 
use multi-scale models to describe the overall defor-
mation by taking into account the microstructures[19-21]. 
It is necessary to distinguish two types of models 
based on the multi-scale analysis[22]: 1) macro models, 
in which the composite is usually treated as a single 
continuum and 2) micro models, in which the rein-
forcing particles are distinct from the matrix. In gen-
eral, the micro model analysis can provide better esti-
mations than the macro one; but it requires many ap-
proximations and sometimes becomes difficult to con-
tinue due to a large number of variables and hypothe-
ses involved. Consequently, the proposed unified mi-
cro-macro model is a potentially viable means to study 
materials and material systems at micro and macro 
levels. With such a model can be investigated the local 
mechanical behavior of the material’s microstructure 
leading to understanding global responses of the mate-
rial at the macro level. The article is aimed to establish 
the micro-macro unified model for the analysis of ma-
terial deformation based on the microstructural infor-
mation of the material. 
2. Micro-macro Unified Model 
2.1. Sample model 
Fig.1 displays the composite system under consi-   
deration, in which Fig.1(a) shows the macroscopic de- 
 
(a) Macro-scale 
 
(b) Micro-scale 
Fig.1  Composite system and micro-scale configuration of 
one point. 
monstration and Fig.1(b) the microstructural combina-
tion of the metal matrix and the particles. The sample 
under study is made of Al-alloy reinforced with 15% 
volume of silicon carbide powder. 
2.2. Numerical model 
Fig.2 shows the micro-macro unified model, which 
is established according to Fig.1. Fig.2(a) presents the 
unified model, in which the micro-scale model is em-
bedded in the macro-scale model and Fig.2(b) presents 
the micro-scale model of the MMCs, consisting of 
plastic matrix and elastic particles. The length L of the 
macro-scale model is 300 times larger than the length l 
of the micro-scale model so that the external boundary 
conditions have negligible influences on the deforma-
tion of the micro-scale model[23-24]. In this study, the 
length l of micro-scale model is supposed to be about 
170 μm, the length L of macro-scale model is about 
51 mm. It is clear from Fig.2(b) that the particles’ 
shape, size and distribution agree well with those in 
Fig.1(b).  
            
(a) Micro-macro unified model 
               
(b) Micro-scale model 
Fig.2  Numerical model. 
2.3. Material description  
The SiC particles are assumed in modeling to be 
linearly elastic, characterized by Young’s modulus 
Ep = 440 GPa and Poisson’s ratio νp=0.17. The 
Al-matrix responses in an isotropic elastic-plastic man-
ner with Young’s modulus EAl = 70 GPa and Poisson’s 
ratio νAl = 0.33. The elastic-plastic stress-strain consti-
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tutive law for the matrix is approximated by means of 
the flow relationship in deformation theory (Ludwik 
hardening law)[25]: 
0
Y Y p( )
nhσ σ ε= +             (1) 
where σY and pε  represent flow stress and accumu-
lated equivalent plastic strain, respectively, 0Yσ de-
notes the initial yield stress, h the hardening coefficient 
and n the hardening exponent. The parameters of the 
matrix[26] are as follows: 0Yσ = 250 MPa, h = 173 MPa, 
n = 0.455. 
2.4. Finite element mesh ing 
The finite element mesh is constructed using the 
combination of plane strain elements with six-node 
planar triangular and eight-node planar quadrilateral 
elements, as shown in Fig.3(a), of which shows the 
mesh of the micro-macro unified model; while Fig.3(b) 
shows the mesh of the micro-scale model embedded in 
the macro-scale model. Even though the mesh in mi-
cro-scale model is finer than the macro-scale one, it is 
evident that the mesh in it is still too coarse for ana-
lyzing microstructural deformation. As the presented 
computational approach is mainly restricted by the 
mesh precision in the micro-scale model, the insuffi-
cient accuracy of the mesh would degrade the impor-
tance of the results from the micro-macro unified 
model. Consequently, the submodel technique is ad-
vanced to help to solve the problem.  
 
(a) Element mesh of micro-macro unified model 
 
(b) Element mesh of micro-scale model 
Fig.3  Finite element mesh. 
2.5. Data processing 
Generally, the numerical true stress-strain curves of 
composites in the cell model are obtained by averaging 
the stresses and strains in it. The overall true stress σc 
and the corresponding overall true strain εc in the cell 
model are calculated by 
c c
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where Vc is the total volume of the cell model, Vck the 
volume of the kth element, σck the average true stress 
of the kth element, εck the average true strain of the kth 
element, Nc the total number of elements. 
σm and σp are separately the average true stress 
components for the matrix and the particle in the cell 
model, among which exists the following relationship:  
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where Vm is the total volume of the matrix, Vmi the 
volume of the ith element of the matrix, σmi the aver-
age true stress of its ith element, Nm its total number of 
elements, Vp the total volume of particle, Vpj the vol-
ume of its jth element, σpj the average true stress of the 
jth element and Np its total number of elements. 
2.6. Simulation process 
Suppose the stress and the strain at the point P in 
macro-scale model as shown in Fig.1 are denoted by 
σ0 and ε0; while the point P’s stress and strain in the 
microstructure by σ and ε. The relationship between 
the macro-scale and micro-scale models can be defined 
as 
0 0
div 0
orσ ε
= ½°
= ¾°¢ ² = ¢ ² = ¿
⋅Cσ ε
σ
σ ε
        (3) 
where ¢ ²σ and ¢ ²ε denote the mean value of the 
stresses and strains in the micro-scale model, respec-
tively, and C is a fourth-order elastic-plasticity tensor. 
To solve these equations, it is needed to determine 
the boundary condition between the micro-scale model 
and the macro-scale model and use the submodel tech-
nique. In the simulation, the submodel denotes the mi-
cro-scale model, which is computed as a independent 
analysis from the global analysis. The only link be-
tween the submodel and the global model, which cor-
responds to micro-macro unified model, is the transfer 
of the time-dependent variables saved in the global 
analysis to the relevant boundary nodes of the sub-
model. The transfer is accomplished by saving the re-
sults from the global model, then inputting them into 
the submodel analysis. Furthermore, the results from 
the global model are interpolated onto the nodes on the 
appropriate parts of the boundary of the submodel. 
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Thus, the response at the boundary of the local region 
is defined, as shown in Fig.4(a). The finite element 
mesh in submodel is depicted by Fig.4(b). It can be 
seen from Fig.4(b) that the mesh in submodel is finer 
than that in Fig.3(b). This results in the settlement of 
the problem of the above-cited computational inaccu-
racy. 
 
(a) Boundary conditions in submodel 
 
(b) Finite element mesh in submodel 
Fig.4  Submodel. 
The above-described approach has been imple-
mented in a computer program as indicated in Fig.5 to 
obtain the deformation of microstructure. During the 
analysis, a set of dies is employed to analyze the model 
deformation, as shown in Fig.6. The friction coefficient 
at the interface between the die and the material is as-
sumed to be 0.3. And the principle of slave-master pair 
of surfaces is considered. Additionally, the model is 
placed on the lower die, which is secured in the 
y-direction and the upper die moves against it in the 
same direction to ensure the prescribed 8% compres-
sive deformation. Furthermore, in order to investigate 
 
 
the microstructure at different positions of the macro- 
scale model, the location of the micro-scale model 
should be changed, as shown in Fig.7.  
 
Fig.5  Flow chart for computation. 
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Fig.6  Micro-scale model embedded in the middle of 
macro-scale model. 
 
Fig.7  Micro-scale model embedded at the top of macro- 
scale model. 
3. Results and Discussion 
3.1. Stress-strain curves of composites 
Fig.8 shows the iterative computational procedure 
for the composites using the micro-macro unified 
model. It can be seen that after three iterations, the 
proposed algorithm reaches convergence. The calcu-
lated stress acquired in the last iteration is deemed to 
represent the stress of the composites. 
 
Fig.8  Iterative computation of the overall stress-strain curves 
of composites. 
3.2. Stress and strain fields of model 
In general, Eq.(3) defines the relationship between 
the macro-scale and the micro-scale models. It is as-
sumed that the macro-stresses and strains at the point 
of the macroscopical model equal their mean value in 
the micro-scale model. Therefore, to establish the rela-
tionship between the macro values and the micro val-
ues, the continuum composite model is computed us-
ing the last iterative stress-strain relationship in order 
to compare the local deformation between the macro- 
scale deformation and the micro-scale deformation. In 
the simulation, the same loading that is applied to the 
micro-macro unified model still remains effective in 
evaluting and comparing results. Fig.9 illustrates the 
contours of von Mises effective stress and von Mises 
effective plastic strain. It is obvious that the deforma-
tion of the material proves inhomogeneous and the 
maximum effective stress and strain take place at the 
corners of the model. The location of the submodel 
corresponding to Fig.6 is marked by A and that to Fig.7 
by B. It is well known that location B belongs to the 
difficult deformation region; while A belongs to the 
large one during the deformation by upsetting. It can 
be estimated from Fig.9(a) that the macroscopic von 
Mises stress at the location A is about 350 MPa and at 
B about 292 MPa. As for the macroscopic plastic strain,  
about 0.156 at the location A and about 0.025 at B. 
 
(a) von Mises effective stress 
 
(b) von Mises effective plastic strain 
Fig.9  Continuum composite model. 
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Fig.10 evinces the contour plots of von Mises effec-
tive stresses in the matrix of different submodels. It is 
quite clear that the deformation of matrix in the sub-
model A is larger than that in the submodel B. The 
maximum microscopic von Mises effective stress is 
610.4 MPa in the submodel A and 416.3 MPa in B. 
Additionally, it can be observed that the distribution of 
von Mises effective stresses in the matrix in submodel 
A is very homogeneous by contrast with the submodel 
B. Fig.11 exposes the contour plots of von Mises ef-
fective stress in particles. The maximum von Mises 
effective stress observed in particles is 16 680 MPa in 
the submodel A and 4 805 MPa in B much higher than 
that of its matrix.  
 
(a) Submodel A 
 
(b) Submodel B 
Fig.10  Contours of von Mises effective stress in matrix. 
 
(a) Submodel A 
 
(b) Submodel B 
Fig.11  Contours of von Mises effective stress in particle. 
Fig.12 displays the contour plots of von Mises ef-
fective strains in the matrix. Obviously, the plastic 
strain gradient in the matrix of the submodel A is 
steeper than that of the submodel B. The difference in 
the elastic modulus between the matrix and the parti-
cles leads to local instability at the interface. In addi-
tion, it can be seen from Fig.12(a) that the strain field 
is not homogeneous, but concentrates in an array of 
rather straight shear bands formed at an angle of about 
45° to the loading axis. This indicates that the small 
fluctuations in von Mises stresses is due to the very 
gentle slope of the stress-strain curve at high equiva-
lent plastic strains. And the location of these bands is 
determined by the particle arrangement. The compari-
son of two figures in Fig.12 reveals there being a 
marked contrast in strain bands between different de-
formation regions. The maximum von Mises effective 
strain is 1.544 in the submodel A and 0.406 1 in B. 
This suggests the possibility for the material to initiate 
premature failure because of the high plastic strain 
occurring in the matrix. 
 
(a) Submodel A 
 
(b) Submodel B 
Fig.12  Contours of von Mises effective strain in matrix. 
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According to Eq.(2), the mean microscopic von 
Mises effective stress is 354 MPa in the submodel A 
and 306 MPa in B; while the mean strain is 0.167 in 
the submodel A and 0.026 7 in B. In contrast to the 
corresponding local deformation in continuum com-
posite model (see Fig.13), there are differences of 
1.14% in von Mises effective stresses and 7% in von 
Mises effective strains between location A in the con-
tinuum composite model and the submodel A. Simi-
larly, there are 4.8% and 6.8% between location B in 
the continuum model and the submodel B. Further-
more, it is noteworthy that the results obtained from 
the submodel are generally higher than those from the 
continuum composite model. The potential conclusions 
show that material microstructure will exhibit com-
plexity in the case of homogeneous macro deformation 
and the damage of material at the macro-scale is gen-
erally resulted from the microstructure failure. Conse-
quently, the micro-macro unified model gives a more 
accurate prediction for the microstructure evolution. 
The advantage of the micro-macro unified model over 
the continuum model is that it introduces a much de-
tailed picture of the material microstructure at different 
locations. Therefore, the proposed micro-macro unified 
model is more suitable in studying the mechanical be-
havior of the materials. 
 
(a) Submodel A 
 
(b) Submodel B 
Fig.13  Contrast between continuum composite model and 
submodels. 
4. Conclusions 
This article proposes a micro-macro unified model 
based on the material’s microstructures for the defor-
mation analysis of particle-reinforced metal matrix 
composites and associates it with the finite element 
program. In order to solve the problem about the 
boundary values on the micro model, the submodel 
technique is employed. In addition, a stress-strain 
curve of the composite is obtained with the iteration 
technique. To validate the reliability of the proposed 
unified model, a continuum composite model is also 
developed for comparsion. By comparing the numeri-
cal results from the unified model and the continuum 
composite model, it can be found that the stresses and 
strains obtained from the unified model are generally 
higher than those from the continuum model. There-
fore, there are significant differences between the mi-
cro-scale and the macro-scale deformation. Further-
more, it has been proved that the micro-scale deforma-
tion is more complicated than the macro-scale defor-
mation. The proposed micro-macro unified model has 
a bright prospect to find broad application in simula-
tion of local material deformation. 
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